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I.  SUMMARY 


The  Photometry  and  Colorimetry  Section  of  the  National  Bureau  of 
Standards  moved  from  the  Washington,  D.  C.,  site  to  the  new  facilities  at 

Gaithersburg,  Md.,  during  the  month  of  April,  1966.  As  a result,  little 

1 

experimental  work  was  done  during  the  period  March  1 through  June  30,  since 
it  was  necessary  to  dissassemble  and  pack  all  laboratory  equipment  prior  to 
the  move,  and  then  unpack  and  reassemble  the  equipment  after  the  move,  and 
then  connect  all  of  the  required  plant  facilities. 

Advantage  was  taken  of  the  opportunity  to  incorporate  several  desired 
changes  into  the  equipment. 

An  error  analysis  of  the  integrating  sphere  ref lectometer  was  made 
that  indicates  that  the  error  in  absolute  reflectance  measured  with  the 
ref lectometer  will  vary  from  about  +0.7%  for  a perfectly  diffuse  specimen  to 
about  -0.02'  for  a perfectly  specular  specimen.  Relative  reflectance  measure 
ments  can  be  made  without  any  systematic  error. 

II.  LASER  SOURCE  INTEGRATING  SPHERE  REFLECTOMETER. 

A.  Background.  The  basic  design  of  the  laser -source  integrating 
sphere  ref lectometer  has  been  described  in  previous  reports.  It  is  designed 
to  measure  the  directional-hemispherical  reflectance  of  specimens  at  temper- 
atures from  room  temperature  up  to  2500°K  or  above.  The  ref lectometer  is 
capable  of  measuring  either  absolute  or  relative  reflectance. 

B.  Design  Modifications.  A new  radio  frequency  generator  has  been 
procured  and  installed  for  use  with  the  integrating  sphere  ref lectometer . 

Modifications  to  the  integrating  sphere,  described  i$.  the  previous 
report,  have  been  completed.  Uiese  modifications  should  facilitate  evacua- 
tion of  the  sphere  to  a pressure  of  10  ^ torr  or  less. 
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A new  electronic  amplifying  and  ratioing  system  has  been  procured. 

The  system  consists  of  two  thermocouple  synchronous  amplifiers  (modified 
Brower  Model  129)  and  a ratioing  multiplexer  (Brower  Model  150).  Tests 
have  shown  that  the  two  amplifiers  are  linear  to  better  than  0.17o  over  a 
range  of  six  decades,  and  that  the  ratio  indicated  by  the  ratioing  multiplexer 
remains  constant  to  0.1%  when  both  input  signals  are  changed  by  a ratio  of  100 
to  1.  No  crosstalk,  either  optical  or  electronic,  was  observed  when  the 
system  was  used  with  two  lead  sulfide  detectors  viewing  the  beams  from  the  two 
ends  of  the  helium-neon  laser. 

C.  Sphere  Coatings.  Techniques  have  been  developed  on  another  project 
for  applying  coatings  of  sodium  chloride  that  have  high  reflectance  both  in 
the  visible  and  infrared,  and  are  near -perfect  diffusers. 

D.  Analysis  of  the  Integrating  Sphere. 

1.  Basic  Theory. 

The  theory  of  the  integrating  sphere  is  based  on  two  fundamental  laws  of 
radiation. 

a)  . The  flux  received  by  an  elemental  area  from  a point  source  is 
inversely  proportional  to  the  square  of  the  distance  from  the  source  to  the 
receiving  area  and  directly  proportional  to  the  cosine  of  the  angle  between 
the  normal  to  the  receiving  area  and  the  direction  of  incidence. 

b)  . The  flux  reflected  by  a perfect  diffuser  follows  the  cosine  distri- 
bution law,  meaning  the  flux  per  unit  solid  angle  reflected  from  a unit  surface 
area  in  any  given  direction  is  proportional  to  the  cosine  of  the  angle  between 
the  normal  to  the  surface  and  the  direction  of  reflection. 

When  these  laws  are  applied  to  a sphere  having  a perfectly  diffuse  wall 
of  uniform  reflectance  then  it  is  found  that  the  flux  reflected  by  an  area  on 
the  sphere  irradiates  the  sphere  wall  uniformly.  Each  elemental  surface  of 
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unit  area  on  the  sphere  receives-’ the  same  amount  of  radiant  flux  by  reflection 
As  shown  in -fig.  (1),  let  6Al  be  the  reflecting  elemental  area  on  the  sphere - 
wall  and  dA^  be  the  receiving  area.  The  two  elemental  areas  are  considered  to 
be  very  small  so  that  they  can  be  treated  as  plane. 


d § = LdA^  cos  9^  duo 

where  L is  the  radiance  of  dA^  and  duo  is  the  elemental  solid  angle  subtended 


by  dA^  at  dA^ . 
Since 


duo  = 


dA^  cos  9 


2 LdA^  dA2  cos  9^  cos  92 

d $ = 


From  fig.  (1)  we  see  that 


9X  = 92  = e 


r = (2R  cos  9) 


and 


LdA1  dA2 
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,2 

d $ = 


LdA^  dA^  cos  0 

2 2 
4R  cos  0 


4R" 


For  a perfect  diffuser  the  total  reflected  flux  is  dA^jcL  and  therefore 


the  fraction  of  the  flux  incident  on  dA2  is 


d $ 
rtLdA 


dA, 


. 2 

4R  jt 


dA, 


where  A = 4:tR  is  the  total  area  of  the  sphere.  Therefore,  in  a sphere 
whose  surface  reflects  in  a perfectly  diffuse  manner,  the  irradiance  due  to 
reflected  flux  is  equal  at  all  points,  regardless  of  the  geometric  or  areal 
distribution  of  the  incident  flux. 


2.  Design  of  the  Integrating  Sphere. 

The  sphere  which  was  to  be  used  in  the  laser  integrating  sphere 
ref iectometer  had  to  fulfill  the  following  requirements. 

a) .  The  ref Iectometer  should  yield  accurate  results  regardless  of 
directional  distribution  of  the  reflected  flux  from  the  sample. 

b)  . It  should  be  possible  to  measure  absolute  reflectance,  as  well  as 
reflectance  relative  to  a reference  standard. 

c)  . The  specimen  heater  should  not  disturb  the  sphere  configuration 
and  should  be  capable  of  heating  the  sample  to  temperatures  from  room  temper- 
ature to  2500°K. 

d)  . The  sphere  should  be  capable  of  operation  in  vacuum,  air,  or  inert 
atmosphere . 
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In  order  to  discuss  the  sphere  it  is  first  necessary  to  describe  its 
geometry.  The  sphere  is  made  up  of  two  hemispheres,  which  are  joined  by 
bolted  flanges  with  an  0 - ring  seal.  The  principal  axis  of  the  sphere  is 
defined  as  the  diameter  normal  to  the  plane  through  the  joint  connecting 
the  hemispheres.  The  primary  plane  is  defined  as  the  plane  containing  the 
principal  axis  and  the  center  of  the  entrance  port,  and  the  secondary  plane 
of  the  sphere  is  the  plane  containing  the  principal  axis  and  normal  to  the 
primary  plane.  The  entrance  port  is  centered  12°  from  the  principal  axis, 
and  by  definition  is  in  the  primary  plane.  The  detector  port  is  centered 
45°  from  the  principal  axis  and  is  also  located  in  the  primary  plane.  The 
field  of  view  of  the  detector  is  restricted  to  a small  area  of  the  sphere 
wall  centered  around  the  principal  axis  in  the  lower  hemisphere.  The  ports 
for  specimen  and  comparison  standards  are  placed  in  secondary  plane,  20®  on 
either  side  of  the  principal  axis.  They  are  thus  located  symmetrically  with 
respect  to  the  entrance  and  detector  ports.  Small  shields  screen  the  area 
viewed  by  the  detector  from  the  specimen  and  comparison  standard  ports.  See 
fig-  (2). 

A sphere  designed  as  described  above  will  meet  the  requirements 
established  above  as  indicated  in  the  following  paragraphs. 

a):  Since  the  field  of  view  of  the  detector  is  restircted  to  a small 

portion  of  the  sphere  wall  which  is  shielded  from  the  sample,  no  flux  reflected 
from  the  sample  can  reach  the  field  of  view  directly.  Thus  the  reflected  flux 
will  be  first  diffused  by  the  sphere  coating  before  it  is  incident  on  the  area 
viewed  by  the  detector.  Assuming  that  the  sphere  coating  reflects  uniformly 
in  a perfectly  diffuse  manner,  then  the  flux  received  at  the  field  of  view  is 
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always  a constant  fraction  of  the  flux  reflected  by  the  sanple,  regardless 
of  its  directional  distribution.  The  possibility  that  flux  reflected  by  the 
sample  is  received  by  the  detector  directly  is  eliminated  by  equipping  the 
detector  port  with  a light  trap  so  that  any  radiation  reaching  the  detector 
port  from  directions  outside  the  field  of  view  is  absorbed  before  reaching 
the  detector. 

The  field  of  view  of  the  detector  is  located  symmetrically  with  respect 
to  sample  and  comparison  standard.  When  the  sphere  is  used  in  the  comparison 
mode,  the  reflected  flux  from  the  heated  specimen  will  be  compared  to  that  of 
a water-cooled  comparison  standard  made  of  the  same  material  and  fabricated 
in  the  same  manner.  Therefore,  we  can  assume  within  reason  that  the  direction- 
al distributions  of  the  reflected  flux  are  similar.  If  we  assume  furthermore 
that  the  directional  distribution  will  not  change  with  increasing  surface 
temperature,  then  we  can  even  drop  the  requirement  of  the  sphere -coating  to 
be  a perfect  diffuser,  demanding  only  the  coating  to  possess  a uniform  reflec- 
tance. We  can  see  this  in  the  following  manner.  Since  sample  and  standard 
are  located  symmetrically  with  respect  to  the  entrance  port  and  field  of  view, 
the  reflected  fluxes  will  be  distributed  symme trie ally  with  respect  to  the 
field  of  view  as  will  be  the  flux  after  being  reflected  by  the  sphere  coating. 

As  a consequence  the  same  fraction  of  flux  leaving  the  sphere  wall  will  be 
incident  on  the  field  of  view  in  both  cases,  even  if  the  reflectance  function 
of  the  coating  exhibits  a directional  variation  rather  than  being  a constant. 

b) : Since  it  is  always  desired  to  obtain  an  absolute  value  for  reflectance 

rather  than  one  based  on  some  arbitrary  and  more  or  less  doubtful  standard,  it 
was  decided  to  find  a way  to  use  the  sphere  as  an  absolute  ref lectometer . A 
literature  survey  revealed  that  of  the  many  ways  possible  to  achieve  this, 
one  method  seemed  to  be  especially  suitable  for  the  sphere  configuration  as 


described  above.  It  has  been  reported,  among  others,  by  McNicholas  and  can 
be  summarized  as  follows.  Assume  a sphere  configuration  as  described  above 
where  the  comparison  standard  is  now  replaced  by  a spherical  cap  of  the  same 
curvature  as  the  sphere  and  coated  in  the  same  manner  as  the  sphere „ If  the 
laser  beam  is  first  incident  upon  the  sample  shielded  from  the  field  of  view 
of  the  detector,  and  then  upon  a portion  of  the  sphere  wall  not  shielded  from 
the  view  of  the  detector,  then  the  ratio  of  the  resulting  radiance  (detector 
response)  when  the  sample  is  irradiated,  to  the  radiance  (detector  response) 
when  the  sphere  wall  is  irradiated,  is  equal  to  the  absolute  directional, 
hemispherical  reflectance  of  the  sample. 

The  basic  possibility  of  obtaining  the  absolute  value  of  reflectance, 
regardless  of  the  directional  distribution  of  the  reflected  flux,  by  this 
method  can  be  proven  as  follows.  Let  be  flux  initially  entering  the  sphere 
\ the  area  of  the  field  of  view  of  the  director,  A the  total  sphere  area, 
p (0,cp;  2:rt)  the  directional,  hemispherical  reflectance  of  the  sample,  p , the 
reflectance  of  the  sphere  wall  and  L,(9',cp')  the  radiance  of  the  sample  in  the 
direction  (0  * ,q? ' ) > due  to  reflected  flux. 

The  flux  is  incident  upon  the  sample  from  the  direction  (6,cp)»  The 
flux  intercepted  by  a small  area  dA  of  the  sphere  in  the  direction  (9  Sep1) 
as  seen  from  the  sample  is 

L'  (9*,  cp’)  A cos  0*  duo1, 

where  doo1  is  the  elemental  solid  angle  subtended  by  dA  at  the  sample  and  A^ 
is  the  irradiated  portion  of  the  sample  area. 

The  flux  leaving  dA  is: 

Pw  L 1 ( © 1 > cp 1 ) Ai  cos  0*  doj*. 

Since  we  assume  the  sphere  coating  to  be  a perfectly  diffuse  reflector,  there- 
fore the  fraction  of  this  flux  reaching  the  area  K is  equal  to  the 
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configuration  factor  F . which  in  the  case  of  the  sphere  has  been 

Ay  \ 


shown  to  be  — . 

A 


Thus  the  irradiance  of  Ay  due  to  the  flux  incident  on  dA  is 


1 \ 
“ PwLf  (0  Sep  ’)  At  cos  91  doj'  -j~ 

= 2 PWL'(QS  cpB)  \ COS  9*  du)*. 


As  shown  by  Taylor  and  many  others  the  irradiance  is  increased  by  the  factor 

1 


1 - p 


due  to  multiple  reflections  within  the  sphere.  Therefore,  the  ir- 


w 


radiance  of  Ay  resulting  from  reflected  flux  incident  on  dA  is 


A y_  p-y  L*  (9‘,  cp')  At  cos  0*  du)*. 

The  total  irradiance  due  to  all  the  reflected  flux  is 

y-  A J L'CeScp’)  cos  0’  duj' 

Hw  o 

where  the  integration  is  performed  over  the  solid  angle  of  This  gives 

rise  to  a radiance  leaving  Ay  of 

2 jt 


2 it 


* ztt - pw)  ' Ai  I L,(9'V>  cos  e’  *»'• 


Since  A^  J ^(G^cp*)  cos  9*  d<jo  is  equal  to  the  total  reflected  flux  from 
o 

the  sample,  we  can  also  write  the  radiance  of  Ay  to  be 


w 


* A(1  - pw) 


To  effectively  evaluate  the  initial  flux  we  direct  the  beam  onto  the  sphere 


wall  at  a point  which  is  not  shielded  from  A-_-  The  flux  leaving  the  sphere 
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wall  is  PW$Q«  The  fraction  of  this  flux  received  by  is  again  determined 

\ 

by  the  configuration  factor  from  the  sphere  area  irradiated  to  or  — — . 


The  irradiance  of 


is  then 


i \ 

A^  o A 


0 $ 

Kw  o 


Again  the  irradiance  is  increased  by  multiple  reflections  within  the  sphere 

1 


by  the  factor 


1 “ P 


w 


Therefore  the  total  irradiance  of  A^  is: 

P, 


w 


A(1  - p ) 
rw 


This  results  in  a radiance  leaving  A^  of 


The  ratio  of  the  radiances  is 

i * 


w 


Ad  ' Pj  V 


w 


w 


« A(1  - pw) 


§' 


w 


* A(1  - pw)  *o 


f“  = PS(e>  9’  2n )• 

o 


Since 


$ 


is  by  definition  the  directional,  hemispherical  reflectance  of 

the  sample. 

It  might  be  useful  to  restate  the  assumptions  made  or  implied  in  the 
derivation.  First  it  is  required  that  the  sphere  coating  represents  a per- 
fectly diffuse  reflector  of  uniform  reflectance.  Secondly  the  sum  of  the 
areas  of  all  openings  is  negligible  compared  with  the  total  sphere  area  and 
finally  the  presence  of  the  shield  does  not  change  measurably  the  irradiance 
of  the  sphere.  A more  detailed  investigation  of  these  points  is  presented 
in  the  next  section. 


When  the  reflectance  of  the  heated  specimen  is  measured  relative  to  a 
cool  standard,  then  the  spherical  cap  is  exchanged  for  a sample-holder  with 
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a shield  attached  to  it.  Thus  it  is  possible  to  use  the  sphere  in  the 
absolute  as  well  as  the  relative  mode. 

c)  . The  method  chosen  for  heating  the  sample  was  induction  heating. 

The  heating  unit,  which  is  described  in  more  detail  in  another  section,  is 
mounted  outside  the  sphere  and  does  not  disturb  the  sphere  configuration  in 
any  way . 

d)  . All  ports  can  be  closed  by  quartz  windows  with  0-ring  seals.  Also, 
the  heating  unit  has  been  built  vacuum  tight.  Slots  arranged  concentrically 
around  the  sample  allow  evacuation  of  the  sphere.  Inert  gas  can  be  intro- 
duced through  openings  in  the  flange  around  the  entrance  port,  and  removed 
through  the  evacuation  slots  by  means  of  a valve  located  in  the  bottom  of 
the  heating  unit. 

3.  Error  Analysis  of  the  Integrating  Sphere. 

Many  authors  have  dealt  with  the  errors  involved  in  the  use  of  an 
integrating  sphere  for  reflectance  measurements.  However,  none  of  the  pub- 
lished equations  can  be  applied  directly  to  this  sphere.  The  purpose  of  this 
section  is  therefore  to  evaluate  the  systematic  errors  whibh  arise  from  this 
specific  sphere  geometry,  rather  than  to  develop  general  integrating  sphere 
theory. 

The  assumptions  under  which  the  following  expressions  will  be  derived 
are  that  the  sphere  coating  is  a perfectly  diffuse  reflector  of  uniform 
reflectance  and  that  all  flux  leaving  through  the  openings  of  the  sphere  is 
lost.  In  addition,  we  assume  that  the  detector  signal  is  strictly  proportion 
al  to  the  radiance  of  the  field  of  view  A^.  This  means  that  the  detector- 
amplification-recorder  system  has  to  be  linear  over  the  dynamic  range  used. 


DETECTOR 
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Figure 
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We  will  consider  two  cases*  First,  assume  the  sample  to  be  a perfectly 
diffuse  reflector.  In  this  case,  the  flux  intercepted  by  the  shield  after 
its  initial  reflection  from  the  sample  will  be  a maximum.  In  the  second 
case,  the  sample  is  treated  as  a perfect  mirror.  As  can  be  seen  from  Fig. 

(2),  in  this  case  no  flux  reflected  once  only  by  the  specimen  will  be  incident 
on  the  shield.  Since  the  directional  distribution  of  a real  sample  is  some- 
where between  that  of  a perfect  diffuser  and  that  of  a perfect  mirror  we  will 
be  able  to  place  limits  on  the  magnitude  of  the  error  caused  by  the  real 
sample.  (Excluded  from  samples  are  retroref lectors,  but  this  is  not  a severe 
limitation,  since  almost  all  technical  materials  have  a distribution  which 
agrees  with  the  statement  above.) 


Perfectly  Diffuse  Sample 


Let  be  the  flux  initially  incident  on  the  sample.  Then  pg§Q  is 

reflected  diffusely.  Of  this  flux,  the  fraction  F is  intercepted  by 

i sh 

the  shield  where  F . is  the  configuration  factor  from  the  irradiated 

Ai  sh 

area  on  the  sample  to  the  shield.  Fig.  (3)  shows  the  geometry  in  its  correct 
proportions.  Since  the  illuminated  spot  is  only  about  1/8"  in  diameter,  we 


can  use  the  small  area  approximation  for  the  configuration  factor,  namely 
F 


AA,  ->  A 
i sh 


I , L. 


cos  0_  cos  0_  dA  , 
1 2 sh 


jrr 


cos  9-  cos  0O  dA  . 
1 2 sh 


itr 


sh  i sh 

This  configuration  factor  is  given  in  [ 1 ] and  was  calculated  to  0.017.  At 
this  point  we  will  adopt  an  abbreviation  for  the  configuration  factors  in- 
volved. The  letter  A for  area  will  be  omitted  and  the  areas  we  are  dealing 


with  are  designated  by  their  subscripts. 
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Figure  3 
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For  example : 


\ ->  Ash  = Fi’sh 


and 


Ash  _>  Ai  + a2  + a3  + A4  Fsh,  1234 


The  flux  incident  on  the  shield  is  therefore  p $ F.  Of  this  flux 

Ms  o i,sh 

the  fraction  (1  - Ps^)  is  absorbed,  where  is  the  reflectance  of  the 
shield.  Leaving  the  shield  is 


^ sh^3  s^o^i, sh* 

From  figs.  2 and  3 we  can  see  that  the  shield  can  view  all  openings  of  the 
sphere  with  the  exception  of  the  shaded  part  of  which  we  name  A,.*  The 
flux  lost  out  the  openings  is 


p , p § F ,(F,1+F,0+F,0+F,£) 
sirs  o i,sh  sh,l  sh,2  sh,3  sh,6 

= pshps  $o  Fi,sh  Fsh,1236 

where  the  subscript  1 stands  for  the  area  of  the  entrance  port 

2 for  the  area  of  the  detector  port 

3 for  the  area  of  the  ring  space  around  the  sample 

6 for  A,  = A,  - A_ 

6 4 5 

with  A^  being  the  area  of  the  evacuation  slots  and 
A,-  the  shaded  part  of  A^. 

Another  portion 


?s  $o  ^ijsh  ^sh  ^shjS 

of  the  flux  is  received  by  the  sample.  The  remaining  flux  is  incident  on 
the  sphere  wall.  The  flux  which  is  incident  on  the  sphere  wall  is 

^sh^s^o^i,sh  ^ sh^ s^o^i, sh^sh,  1236  ^sh,s^  ~ ^sh^s^o^i^sh^  ^sh,1236s^ 


Where  the  subscript  s symbolizes  the  sample  area. 


After  these  preliminary  remarks  we  can  proceed  to  investigate  the 

diffuse  case.  The  flux  is  incident  on  the  sample  and  pg$0  is  diffusely 

reflected.  Of  the  once  reflected  flux  p $ the  fraction  F,  is  lost 

Ks  o i,  126 

through  the  openings  A^,  and  A^  (A^  cannot  be  "seen"  by  the  sample). 

Incident  on  the  wall  directly  is  therefore: 

ps$o  " ps$oFi,126  " Ps$oFi,sh  = 9s^o('1  ' Fi,126  " ¥±,s\? 

In  addition  to  the  flux  which  is  incident  on  the  wall  directly  we  have 
another  contribution 


p , p $ F,  , (1  - F , TOOC  ) 
sirs  o i,sh  sh, 1236s 

which,  as  we  have  seen,  is  the  portion  of  the  flux  reflected  by  the  shield 
and  then  received  by  the  sphere  wall. 

All  the  flux  incident  on  the  sphere  wall  after  one  reflection  by  the 
specimen  is  therefore: 


Ps$o(1  " Fi,  126  " Fi, sh^  + Psh^o^sl/1  " Fsh,  1236a^ 

= Ps$oH  - Fi^126  - Fi>sh  + p shFi, sh^1  “ Fsh,1236s^ 

= p § [ 1 - F . ~ F.  [1  - p (1  - F , )]} 

Ks  o i,  126  i,sh  Ksh  sh, 1236s  J 

Up  to  this  point  no  flux  was  incident  on  the  detectors  field  of  view  A^.. 

Only  flux  reflected  by  the  sphere  wall  is  able  to  reach  A^  . This  flux  is 


p P $ (l  - F.  -nr  - F.  , [1  - p , (1  - F 10U  )]}• 

KwKs  o i,126  i,sh  Ksh  sh, 1236s 

The  flux  striking  A^  after  has  undergone  one  reflection  from  the  sphere 

wall  is 


v,  1 A 


p p $ [1  - 

wrs  oL 


1 - f r i - 

i, 126  i,shL 


psh(1  " Fsh,1236s)]^ 


To  evaluate  the  magnitude  of  the  losses  the  configuration  factors  have 


been  calculated: 


F.  , = 0.017 
i,  sh 

Fi,126=  °*0051 

F = 0.021 
sh,  s 

F , - = 0.00069 
sh,  1 

F 10  = 0.00026 
sh,2 

F , 0 = 0.032 
sh,3 

F , . = 0.019 
s ri  y 6 

Fsh, 1236s  = °-073 

From  this  we  see  that  1.77©  of  the  flux  reflected  by  the  sample  undergoes 
interreflection  with  the  shield.  To  find  out  what  fraction  of  flux  contained 
in  the  sphere  is  received  by  the  shield  after  the  flux  has  been  uniformly 
distributed  over  the  entire  sphere  surface  we  divide  the  sphere  into  hemis- 
pheres by  a plane  containing  the  shield.  Let  A^  be  the  area  of  the  hemis- 
phere facing  the  front  side  of  the  shield  and  A^  the  area  of  the  hemisphere 
facing  the  back  side  of  the  shield.  All  the  flux  leaving  A the  front 
side  of  the  shield,  has  to  strike  A^1  or 

F =1 

shl, hi 

From  the  law  of  reciprocity  we  know  that 

AshlFshl,hl  = AhlFhl,shl 

or 

A 1.1  A 
„ shl  _ 

F,  „ = — — - F 


shl 

hi,  shl  ~~  A^  * shl, hi  ~ A^ 
A 


For  the  same  reason  F„ 


sh2 


h2  , sh2  A,  ^ 
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Now  if  $ is  the  total  flux  leaving  the  sphere  wall  then  approximately  §/2  is 
contained  in  each  hemisphere.  The  flux  received  by  A ^ is 

f_  ^shl  _ §_  ^sh  _ ^sh 
2 Ahl  " 2 A/2  ' $ A 

where  A^/A  = 0.00031.  This  means  that  only  0.037.  of  the  flux  contained  in 
the  sphere  after  it  has  been  uniformly  distributed  is  incident  on  the  front 
side  of  the  shield,  where  almost  all  shield  losses  are  caused  since  A , - views 
all  openings  except  a part  of  A^  (See  fig.  3) . Therefore  it  is  justified  to 
use  the  following  approximation.  The  exact  losses  due  to  the  shield  are 
taken  into  account  only  before  the  flux  has  been  diffused  by  the  sphere  wall. 
After  the  flux  has  been  distributed  over  the  entire  sphere  surface  we  treat 
the  shield  as  having  a surface  area  of  2Ag^  with  a reflectance  of  pg^* 

The  flux  contained  in  the  sphere  after  one  wall  reflection  was: 


$1  pw°s$o^1  ‘ Fi,126  " Fi,  sh ^ 1 " P sh^1  " Fsh,1236s^  + ps$oFi,shPshFsh, 


sh 


Wo[l  " Fi,126  " Fi, sh^ 1 " P sh^1  " Fsh,1236s^  + Ps  pw  Fi,shFsh,s^ 


Now  we  define  an  average  sphere  reflectance  p such  that 


w 


p (A  + 2A  , ) = p U2A  + p [A  - (A  + A.  + A.  + A,  + A ) ] + p A 
Kwv  sh'  K sh  sh  Kw  v 1 2 3 4 s'  *s  t 


or 

P = ; Aa (2A  , p , + p [A  - (A-  +A0+A-3+A/  + A )]  + p A j 

Kw  A + 2A  , c shK  sh  HwL  v 1 2 3 4 s7  Ks  sJ 

sh 

then  if  $ is  the  flux  contained  in  the  sphere  after  n reflections  the  flux 


$ 


n + 1 


P 


$ 

w n 


after  n + 1 reflections  is 
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A 

After  any  reflection  n the  fraction  — of  the  flux  $ is  incident  on  A . 

J A n v 

Therefore  the  flux  received  by  A is: 

v 


$ = E § 

v . v,n 

n=l 


= § t 4*  $ „ + . . . 

v,l  v,2 


v 


= $ , + 2 $ 
v , 1 A „ n 
n=2 


= $ - *f  [$-.p  +$nP  +$qp  + . . •] 

v,  1 A lrw  lrw  lrw 


v „ - 1 

= $ + 7 — $ -i  P q 

v,l  A lrw  1 - f 


w 


Therefore 


$ = 


v 


A pwMo{l  ' J i,  126  ~ Fi,sh  ^ " psh(1  “ * sh,  1236s^  ] j 


A PwPs' 


'o^1  " Fi,126  " Fi,sh  ^ " psh^  ‘ Fsh,  1236s^  + ps  pw  Fi,shFsh,sj 


A “ 1 i,  126  “ Fi,sh  ^ ' psh^  " Fsh,1236s^ 


U + rw  „ (1  + 


sPshFi , shFsh , s 


w 


p {1  - F.  10.  - F.  , [1  - p , (1  - F , 10Q,  )]} 

pw  i,126  i,sh  1 sh  sh, 1236s 


When  we  check  the  order  of  magnitude  of  the  term 


-)}. 


p p , F.  , F , 

■ s'sh  i,sh  sh,s 

P fl  - F.'  0,  - F,  U[1  - p , (1  - F , 10q,  ) ]} 

i,126  i,sh  lshv  sh,  1236s  J 

then  we  see  that  it  is  much  smaller  than  1 and  therefore  can  be  neglected. 

(The  maximum  value  this  term  can  obtain  is  about  0.0004).  Neglecting  this 

term,  we  can  further  simplify  the  expression  to: 


*v  = f ■ Fi, 


126 


Fi,sh[1  ‘ Psh<'1  ' Fsh,1236s')  ^ — 

1 ' pw 


Since  we  assume  that  the  signal  from  the  detector-amplifier-recorder  system 


is  proportional  to  the  radiance  of  A^,  the  signal  when  the  beam  is  first 

incident  on  the  sample,  becomes; 


S-  = K . 
1 jcA 


A PwPs^1  ’ Fi,126  ‘ F i,  sh ^ 1 " Psh(1  " Fsh,1236s)^  1 - ] 


w 


where  K is  a proportionality  constant. 


i/ 


To  measure  $ the  beam  is  directed  onto  an  area  A of  the  sphere  surface 
o w 

with  an  unobstructed  view  of  A . Reflected  off  the  sphere  wall  is  p $ of 

. v rw  o 

A 

which  the  fraction  - — is  received  by  A . 

A v 


Thus 


v 


^v,  1 A pw^o 


Of  the  flux  p $ the  fraction  F is  lost  through  the  openings  A- , A„,  and 

rw  o w,124  l’  2’ 

A^.  (The  opening  A^  and  the  sample  area  are  screened  off  by  the  shield.) 

Another  fraction  F , is  incident  on  the  backside  of  the  shield  A , „ of  which 

w, sh  sh2 

p . F . is  reflected.  The  flux  reflected  off  the  shield  is  therefore 
sh  w, sh 

pshPV;Fw,sh2$o 

A portion  of  this  flux  is  in  turn  lost  through  that  part  of  A^  which  can  be 

viewed  by  A , „ . This  flux  is  therefore 
J sh2 

Pshpw^oFw,  sh2Fsh2,4 

The  flux  incident  on  the  sphere  wall  directly  is 

Pw^o  Pw^oFw,124  Pw^oFw,sh2  ” pw^o^  Fw,124sh2^ 

A 

of  which  the  fraction  ~r-  is  again  incident  on  A . In  addition  to  this  there 

A v 


is  a small  amount  of  flux 


PshPw^oFw, sh2Fsh2/ 


17 


is  located  at  the  position  of  the  comparison  standard,  figure  2. 


- 20 


which  is  reflected  off  the  shield  and  then  received  by  A . With  this 

J v 

A 2 

§ O = "T“  P $ (1  “ F . 0)  + p p J F F 

v,  2 A ’w  o w,  124sh2  rwr  sh  o w,  sh2  sh2,v 


a o 

— — o s n - f 

A Hw  ‘ ov  ~ w, 124sh2  A p w,  sh2  sh2.v 

7 T*/  • T.7  y 7 


+ A _sh  F 


) 


v w 


The  flux  remaining  after  two  wall  reflections  is 


<£0  = p $ (1  - F 10/  , 0)  + p p J F 1 (1  - F , 0 ,) 
2 *w  o w,124sh2  ■ w^sh  o w,shv  sh2,4 


= p $ [1  - F 
'wo 


+ Ak  F 


w,  124sh2  1 p ‘w,  sh^  Fsh2,4^* 


w 


From  this  point  on  we  assume  that  the  flux  is  uniformly  distributed  over  the 

whole  surface  of  the  sphere  and  treat  the  following  reflections  in  the  same 

manner  as  before.  Therefore  the  sum  of  all  the  flux  incident  on  A after  the 

v 

second  wall  reflection  is 


Z $. 
n = 3 


v 


w 


v,n 


A 2 1 - p 


w 


and  therefore  $ becomes 
A V A 

5 = p $ + p $ (1  - F 

v A w o A rw  o' 


j_  ..V  ?il.  -p  17  > 

w,124sh2  A p^  w,sh2  sh2>v> 


+ ^ p2$  [1  - F 

A rw  o 


+ 

w,124sh2  p w,sh 

7 pw  7 


(1  - F vo  /.)] 


w 


sh.2,4  1 - p 


w 


A 

v 

A l“'w*o 


p $ j*  1 + p [(1  - F 10/  , 0 ) ■=__  i x , 0 . - — 

Kt*7  ^ Kw  v w, 124sh2  1 - pTT  w,sh2,v  1-p 


P sh 
+ — F 


-f 


w 


w 


w 


<1-FSh2,4)]5 


Hence  the  signal  when  the  beam  is  first  incident  on  the  sphere  wall,  becomes: 

1 


S = K — ~ p $ i 1 + p [(1  -F  10/  , 0 ) - - — . * , o v a * u o 

2 tcA  Kw  oc  "w  v w,  124sh2  1 - p p w, sh2  ' A sh2,v 

7 ■ w ^w  7 v 7 


P sh 

4*  — F 


( f*. 


P 


w 


1 - ir  ■ r,h2,4»l! 


w 
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The  ratio  of  these  two  signals  — is  therefore 

z 


1 

Sn  " p 


1 - F1.126  - - Psh(1  - F 


sh,  1236s 


)] 


(1  - p ){1  + p [(1  - F 10/  ,, 
rw  ^ rw  w,124sh2 


^ l-p~  + p sh2 Fsh2,v+  l-p“  ^1"Fsh2,4®^ 

rW  PW  3 V 3 


or 


ps  = £7C 


where  C is  a correction  factor. 

The  magnitude  of  the  corection  factor,  in  percent  of  the  correct  value, 
is  given  by 

Ic.i 

Ps,  correct  Ps,  measured  _ S2 ^2  _ C - 1 


P 


s.  correct 


For  a particular  geometry  C is  a function  of  p^,  p , and  pg^* 

c = c (geometry,  pw,  pg,  pgh> 

In  this  case  the  shield  is  coated  with  the  same  material  as  the  surface 
of  the  sphere  and  therefore 

Psh  ~ Pw 

All  the  configuration  factors  were  calculated. 


Fi,126 

Fi,sh 

Fsh, 1236s 

Fw,124sh2 

F 

w,  sh2 
F 

sh2,v 

Fsh2,4 


= 0.0051 
= 0.017 
= 0.00575 
= 0.0072 
= 0.0017 
= 0.0672 


= 0.0079 
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In  addition  we  have 


and 


p = 0. 9939p  +0.00033p 

^w  Kw  H s 


7-  = 155.35 
A 

v 


Using  these  values  C reduces  to 

1.00075  - 0.00033p  +0.00017pw) 

C = 1 

0.9779  +0.0169pw 

The  table  below  shows  the  calculated  correction  factor  C and  its  percentage 
of  the  correct  value  as  a function  of  wall  and  sample  reflectance. 


Table  I 

p =0. 1 
Ks 


0w 

0.4 

0.6 

0.8 

0.9 

1.0 

c 

1.016 

1.013  , 

1.009 

1.008  . 

1.006 

100 

1.59 

1.25 

0.92 

0.75 

0.57 

c 

p =0.95 
^ s 


Pw 

0.4 

0.6 

0.8 

0.9 

1.0 

C 

1.016 

1.012 

1.009 

1.007 

1.0055 

p _i 

~~  100 

1.57 

1.19 

0.89 

0.71 

0.55 

c 

Perfectly  Specular  Sample* 

Again  let  be  the  flux  which  is  initially  incident  on  the  sample. 
Then  PS$Q  is  the  flux  which  is  reflected  by  the  sample  in  a specular  manner 
and  strikes  the  sphere  wall.  (From  fig.  2 it  can  be  seen  that  no  flux  will 
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be  lost  through  any  of  the  openings  and  none  will  be  received  by  the  shield.) 
Leaving  the  sphere  wall  then  is 

p P $ 

V so 


of  which  the  fraction  — is  incident  on  the  detectors  field  of  view.  Therefore, 

A 


v 


PwM, 


v,l  A rwrsxo 

A fraction  of  the  flux  leaving  the  sphere  wall  is  incident  on  the  sample 
and  specularly  reflected  towards  the  entrance  port.  If  A ^ is  the  area  where 
the  specularly  reflected  beam  struck  the  sphere  wall  initially,  then 

p p $ F.„ 

i2,s 

is  the  flux  which  is  in  turn  specularly  reflected  towards  A^.  This  flux 
appears  to  originate  at  the  image  of  A_^  which  we  call  A—  as  seen  in  the 
mirrorlike  sample.  The  fraction  of  the  flux  leaving  A^  which  is  lost  through 
A^  due  to  specular  reflection  by  the  sample  is  therefore  determined  by  the 
configuration  factor  from  the  image  of  A^  to  A^  or  F—  See  Fig.  4. 

Since  the  areas  involved  are  very  small  compared  with  the  distance,  it 
can  be  assumed  that  the  configuration  factor  is  essentially  the  same  for  any 


point  of  A—  and  A-  and  therefore 
ill 


F — 
il,l 


cos  0—  cos  0^ 
*B2 


where  0-jy  is  the  angle  between  the  normal  to  A—  and  the  line  of  sight 
9^  the  analogous  angle  for  A^ 
and  B the  distance  separating  A^  and  A— . 

From  fig.  4 it  can  be  seen  that 

cos  0—  = cos  9^  = cos  0 


and 


B = 2 (2R  cos  0) 
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Figure  4 


With  this 


F — 

U,1 


2 . 

cos  9 


2 2 

jt  16R  cos  9 


A1  = 


21 

4A 


4(4jtR  ) 

or  the  fraction  of  flux  which  is  leaving  A^  and  is  specularly  reflected 
out  the  entrance  port  is  equal  to  the  area  of  the  entrance  port  divided  by 
four  times  the  total  sphere  area.  However  one  restriction  has  to  be  observed. 
If,  as  in  figure  5,  the  entire  entrance  hole  can  be  seen  from  A~  through 
the  mirror  then 


F — 

ll,  1 


4A 


as  indicated. 


If  on  the  other  hand  the  sample  is  so  small  that  it  restricts  the  sight  from 

A—  to  A^,  as  shown  in  fig.  6,  then  the  configuration  factor  to  use  is  not 

A A A 

— but  F—  which  is  equal  to  F = ~ . The  condition  for  F = , 

A 1 1 j S ii.jSA  A 

where  F is  now  used  for  the  fraction  specularly  reflected  out  A^  is 


A.  A 
1 . s 

4A  T 0r 


A,  < 4A 
1 s 


and 


F = — if  A.  £ 4A 
A Is 

A. 

If  A.  < 4A  then  p 0^$  7—  is  lost  through  A, : Since 

1 s Kw  -s  o 4A  1 

A 

2 s 

p p $ F = p p $ — 

w s 0 il*s  w s o A 

was  reflected  specularly  towards  the  entrance  port,  therefore 


L1  \ 


P P^§  ( — 7 - 77  I = p p?'$  7 (A  - 7 Aj 

w s o \ A 4A  / o A v s 41 

is  incident  on  the  sphere  wall  around  the  aitrance  port. 

If  At  ^ 4A  then  all  of  the  specularly  reflected  flux  is  lost  through 
1 s 

A^.  In  this  case  the  flux  lost  is 


ONLY  FLUX 
CONTAINED 
IN  THIS  CONE 
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Figure 
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0 p $ — . (This  includes  the  flux  absorbed 

at  the  sample.) 

2 

For  our  sphere  =0.994  in  and 

A =0.196  in^ 

S A 

g 

therefore  A_  > 4A  and  the  flux  lost  is  p p $ — • 

Is  M-w  s o A 

Once  the  flux  is  uniformly  distributed  over  the  entire  surface  area  of 

the  sphere  then  we  need  additional  information  to  calculate  the  hole  loss 

caused  by  specular  reflection  at  the  sample.  Now  it  is  necessary  to  know 

the  area  from  which  diffusely  reflected  flux  is  able  to  reach  A^  via  the 

specular  sample.  Let  this  area  be  A.„.  Now,  if  $ is  the  flux  uniformly 

1 Ai2 

distributed  over  the  sphere  wall  then  — — $ is  the  flux  leaving  the  area 

A A 

g 

Ai2*  ^ this  flux  the  fraction  — is  received  by  the  specular  sample  and 

reflected  towards  the  entrance  hole.  This  reflected  flux  strikes  the  sphere 

wall  within  an  area  centered  around  the  entrance  port.  If  A. _ is  this  ir- 

13  A 

radiated  area,  then  the  fraction  lost  out  the  entrance  port  is  — . Hence 

Ai3 

the  additional  loss  through  the  detector  port  caused  by  the  specular  sample 
becomes 

A..  A . _ A 
1 i2  s . 


i3  A 

In  the  same  way,  there  exists  another  portion  of  flux  which  is  specularly 
reflected  into  the  detector  port  and  absorbed  by  the  light  trap  without 
reaching  the  detector.  This  flux  can  be  expressed  as 


A0  A..  A 
2 i4  s 


a-k  a2 

i5  A 


$ 


where  A.c  and  A.,  are  the  corresponding  areas  to  A,,  ~ and  A>0.  The  areas  A,n 
i5  i4  r © £3  x2  12 

and  A^2  (°r  A^,.  and  A^)  can  be  found  graphically  as  shown  in  Fig.  7.  The 
method  corresponds  to  finding  the  area  on  the  sphere  which  is  irradiated  by 
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the  mirror  A if  the  entrance  port  is  replaced  by  a diffusely  emitting  source 
s 

of  equal  area  and  then  in  turn  finding  the  irradiated  area  around  the  entrance 
port  due  to  the  diffusely  reflecting  area  A_^  °r  A.^  respectively. 

Now  assume  that  after  n reflections  the  flux  is  uniformly  distributed 
over  the  sphere  wall.  Let  this  flux  be  § . Then  the  problem  is  to  calculate 


$ 


n + r 


Of  the  flux  the  fraction  — (A^  + A^  4*  A^  + A^)  is  lost  through  the 
openings  directly.  An  additional  fraction 

A , A, 

c 

A' 


(A  ti 

\ 1 A. 


12  + A 

13  2 Ai5  ^ 


is  lost  due  to  specular  reflections  of  the  sample.  (No  flux  can  be  specularly 

reflected  out  A~  since  A»  is  the  same  plane  as  A and  no  flux  can  be 
3 3 s 

specularly  reflected  out  A^  since  A^  is  arranged  symmetrically  around  the 
normal  to  Ag.  Therefore  for  any  part  of  A^  the  corresponding  area  from  which 
the  flux  would  have  to  originate  is  again  a part  of  the  opening  A^  with  an 
effective  p = 0.)  (See  fig.  3)  With  this  the  total  hole  loss  becomes 


lr  As  f Ai2 

UAl  + A2+A3+A4  + llAl-  + A 


Ai4  ^ 


2 3 

A 


i3 


2 A 


i5 


)]  $n 


The  portion  — is  incident  on  the  sample  which  absorbs 


(i  - pJ$ 


s'  n 


2A 


Another  part, 


sh 


, is  received  by  the  shield  which  absorbs  the  flux 


2A 


sh 


(1  - Pk>»n 


The  remaining  flux 


A 2A 

$ - [~  (A.  4*  A0  4*  A_  4*  A.)  4-  ~ H t — 

n A v 1 2 3 4 A A 


] $ 


n 
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is  incident  on  the  sphere  wall  which  absorbs 

•at1  - X [Ax  + A2  + A3  + A4  + As  + 2Agh]}  (1  - pw) 

Therefore  the  flux  contained  in  the  sphere  after  n + 1 wall  reflections 
becomes : 

IT  As  r Ai2  A14 

+ 1 = $n  ' ILA1  + A2  + A3  + A4  + F (A1  TZ 


13 


15 


A 2Ash  . 

■ft1"  P.>*n  - — & * Psh)$n  ' I - tAl  + A2 


+ a3  + A4  + As  + 2Ash]}  (1  - pj* 


w n 
A , A 


$n  + 1 $ J 1 ~ A LA1  + A2  + A3  + A4  + A ^A1 


i2  Ai4  V*  As 

£ - *2^;] 


2A 


sh 


- Psh>  - I tA  - [A1  + A2  + A3  + A4  + AS  + 2Ash]5(1-Pw>5 


1 As  f ^£2  Ai4  ' 

$ . = $ {p  [1  - 7 (A-  + A.  + A + A.  + A + 2A  , ) ] - — r-  I A.  + A0  ) 

n + 1 n Kw  A ' 1 2 3 4 s sh7  .2  \ 1 A.,  2 A..  / 

A i3  i5 


2A  , A 

. sh  , s 

A ^ sh  A ^ s * * 


Now  we  define  an  effective  sphere  reflectance  such  that  p _.  = — 7 

r ^eff  $ 


n + 1 


where 


n 


eff 


can  be  calculated  from  the  above  equation, 


We  had  that  ^ is  given  by 


'v,  1 A 


PwMo 


The  flux  left  after  one  wall  reflection  is  -7-  p p $ • Of  that,  the  fraction 

A Vs  o 7 


A (A1  + A2  + A3  + V 


is  lost  out  openings  directly*  As  discussed  earlier  an  additional  hole  loss 

k 1 div 


occurs  by  specular  reflection. 


CO 


is  given  by 
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p p ? ~r~ 

rw  s o A 

Another  fraction  F.0  , is  incident  on  the  shield  which  absorbs  FJO  . (1  - p .) 

i2,sh  i2,sh  sh 

of  it.  The  remaining  flux  is  received  by  the  sphere  wall  which  absorbs  the 

fraction  (1  - p ) of  it.  Received  by  the  wall  is 

1 As 

pw°s$o  " A ^A1  + A2  + A3  + VVs$o  " ~A  pwMo  ’ Fi2,sh 

A 

I [1  - 7 (A,  + A0  + A0  + A,)  - 

W'  6 


= PwPsio[1  ' A (A1  + A2  + A3  + A4)  - -f 


Fi2,sh^ 


Therefore  $ 9 is  given  by 

v Z 


n.  _ , 

§ o = ~T~  P P § [ 1 - T (A.  + A9  + A + A.  + A ) - F 9 , ] 

v,2  A w rs  o A 1 2 3 4 s i2,sh 

The  remaining  flux  after  two  reflections  at  the  sphere  wall  is 

§o  = 0p§  - 7 (A  + A.  + A,  + A,  + A )p  p $ - P,0  ,pp$(l-p.) 

2 'Wo  A 1 2 3 4 s Vs  o i2,sh  Vs  ox  Ksh 

- p p § [1  - 7 (A-  +A0+A0+A/  + A ) - F . 0 , ] ( 1 - p ) 

■wKs  oL  A 1 2 3 4 s7  i2,  sh  V 

pi  P qh 

= p^p  $ {1  - 7 (A.  + A9  + Aq  + A,  + A ) - F • ,(1  - )}. 

2 rw  rso L A 1 2 3 4 sx  i2,shv  p 

As  in  the  previous  cases,  we  assume  from  now  on  that  the  flux  is  evenly  dis- 
tributed over  the  surface  of  the  sphere  and  that  after  any  reflection  n the 
A 

v 

fraction  — $ is  incident  on  A . 

An  v 

Therefore 

„ t Av  , 2 v AV  T Peff 

S *v,n  = "a"  (i2peff  + §2peff  + * * *>  = T *2  1 - p '' 

n = 3 7 Keff 


and  Z $ becomes 
n=l  v'n 
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A Wo  + A pwPs$o^1  "A  (Ax  + a2  + a3  + A4  + As)  “ Fi2,slJ  + A VsM1 


- 7 (A1  + A„  + A.  + A.  + A ) - F 


psh  \ 


i2,sh  V1  - f*  -T- 
7 Kw 


eff 


eff 


A ^MoCl  + pw*-  1 ~ A ^A1  + a2  + A3  + \ + As)  ‘ Fi2,sh]  + M1  " A ^A1  + A2 

} 


P 


eff 


Psh 

+ A + A,  + A ) - F.0  , (1  - — )]  . 

3 4 s'  i2,sh  p 1 - p 


eff 


A MsM1  + Pw  *" 1 ‘A  (ax  + a2  + A3  + A4  + As^  l - Pgff  " pwFi2>sh^1  + (1 


sh 


eff 
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1 - 


i] 


eff 


In  this  case 


Psh  ,Pw 

and  the  signal  from  the  detector  becomes 

S1  = K *A  pwPsW  + Pw*-1  " A ^A1  + A2  + A3  + A4  + As^  1 - p ' pwFi2,sh-* 

r eff 

When  the  beam  is  directed  onto  the  sphere  wall  then  $ - and  $ _ are 

v,l  v,2 

exactly  the  same  as  the  diffuse  case  since  no  flux  is  incident  on  the  sample 

before  the  flux  has  been  reflected  twice  by  the  sphere  wall.  In  fact,  we  can 

use  the  same  equation  for  if  we  replace  the  average  wall  reflectance  p— 

as  used  in  the  diffuse  case  by  the  effective  sphere  reflectance  as  defined  in 

the  specular  case.  Therefore  S^>  the  signal  when  the  beam  is  first  incident 

on  the  sphere  wall,  is  given  by 

S0  = K ~ p $ { 1 + p [(1  - F 10/  , 0) 

9 rtA  Kw  o^  KwLV  w,10/,~l'0/ 

Pef  f 
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1 A 

w,124sh2/  1 - p + Fw,sh2  ^A  Fsh2,v 
7 r e f f v 


1 - P 


eff 


^ " Fsh2,4^  ^ 
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and  the  ratio  of  the  two  signal  becomes 


[1  + p [1  - 7 (A.  + A,  + A.  + A.  + A ) ] -pF,,  , } 

L rw  A v 1 2 3 4 s 1 - q __  w i2,shJ 

r ef  f 7 


g | 

^ ***  Pw^X  ^w,124sh2^  1 - p "**  *w,sh2VA  rsh2.v"r  1-p  77v'x  rsh2,4 
7 reff  7 v eff 


+ 0 ,) 


or 


Ps  = 

where  the  correction  factor  C is  defined  by  the  equation  above. 


In  addition  to  the  terms  already  used  previously  we  need  p which  was 


given  by 


2A 


sh 


p rr  = p [1  - t(A  + A-  + A + A.  + A + 2A  ) ] H — — p , + p 

reff  rw  A 1 2 3 4 s sh  A psh  A s 


A. 


Haia! 


12 


i3 


^i4  \ 

A15 


= <19939p  +a00033p  - 3.628(10"7) 

where  p was  set  equal  to  pT7. 


w 


then 


From  this  we  see  that  p cannot  be  distinguished  from  p^  and 
Peff  = ^w  = a9939Pw  +0.00033p 


~r  (A-  + A0  + A0  + A.  + A ) = 0.0061 
A 1 2 3 4 s 

F12,sh  = 5’62  <10'5) 


With  this  the  correction  factor  becomes 

1 -a00033p 


1 + 0.0166pw  +a00033p  -a01592p 
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The  table  below  gives  the  correction  factor  C and  its  percentage  for  a 
perfectly  specular  sample  as  a function  of  wall  and  sample  reflectance. 


Table  II. 
p =0. 1 

r c 


pw 

0.4 

0.  6 

0.8 

0.9 

1.0 

c 

0.9959 

0.9957 

0.9968 

0.9979 

0.9992 

C"1100 

—0 .41 

-0.43 

-0.32 

-0.21 

-0.08 

G 

p =0.95 


Pw 

0.4 

0.6 

0.8 

0.9 

1.0 

C 

0.9955 

0.9952 

0.9965 

0.9974 

0.9987 

— 100 

-0.47 

-0.48 

-0.37 

—0 .26 

-0.13 

c 

The  relatively  large  correction  factors  for  a perfectly  diffuse  reflector 
originate  mainly  from  the  fact  that  part  of  the  flux  reflected  at  polar  angles 
around  75°  is  intercepted  by  the  shield  and  part  of  the  flux  reflected  at 
polar  angles  around  85°  is  trapped  by  the  evacuation  slots.  Most  real 
materials,  even  if  they  are  considered  to  be  good  diffusers,  reflect  consider- 
ably less  at  these  large  polar  angles  than  does  a perfect  diffuser..  This  means 
that  for  any  real  material  the  correction  factor  is  much  smaller  than  that 
calculated  on  the  basis  of  a perfect  diffuser*  Especially  for  metals  which 
reflect  predominantly  in  the  specular  direction  even  when  roughened,  the 
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correction  factor  will  be  much  closer  to  that  for  a perfect  mirror  than 
that  for  a perfect  diffuser. 

Since  it  would  be  very  difficult  to  calculate  the  correction  factor 

for  every  real  sample,  the  ratio  — was  set  equal  to  the  directional 

2 

hemispherical  reflectance.  In  this  case  the  correction  factors  from  tables 
1 and  2 or  the  curves  of  fig.  8 show  the  maximum  error  for  a perfect  diffuser. 
The  actual  error  for  any  real  sample  will  be  much  smaller  than  those  calcu- 
lated on  the  basis  of  the  two  extreme  flux  distributions. 

III.  SHALLOW  CAVITY  PROCEDURE  FOR  MEASUREMENT 
OF  TOTAL  NORMAL  EMITTANCE  OF  NONMETALS  AT 

TEMPERATURES  ABOVE  1800°K. 

The  equipment  for  measurements  by  the  shallow  cavity  procedure  has 
been  moved  into  the  new  laboratories  at  Gaithersburg,  Maryland.  The  radio 
frequency  generator  used  with  this  equipment  is  shared  with  another  project, 
and  will  not  be  available  for  use  with  the  shallow  cavity  equipment  for 
several  weeks. 
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List  of  Symbols 
Areas : 


'4 


sh 


Lshl 


sh2 


hi 


h2 


Ai 


ii 


An 

Ai2 


'13 


2 

= Total  surface  area  of  the  sphere  A = 4R  n 
= Area  of  the  entrance  port 
= Area  of  the  detector  port 
= Area  of  the  ring  space  around  the  sample 
= Area  of  evacuation  slots 

= Part  of  A^  screened  off  from  the  irradiated  area  of  the  sample 


= Area  of  one  side  of  the  shield 

= Area  of  the  shield  facing  the  sample 

= Area  of  the  shield  not  facing  the  sample 

= Area  of  the  hemisphere  facing  A ^ 

— Area  of  the  hemisphere  facing 

= Area  of  the  field  of  view  of  the  detector 

= Area  of  the  sample 

= Part  of  Ag  initially  irradiated  by 

= Area  of  the  irradiated  spot  on  the  sphere  due  to  the 
perfect  specular  reflection  of  $ q at  the  sample 

— Image  of  An.^  as  seen  in  a perfect  sample 

= Part  of  the  sphere  wall  from  which  flux  is  able  to  reach  A , 
due  to  perfect  specular  reflection  at  the  sample 

= Part  of  the  sphere  area  centered  around  the  entrance  port  which 
is  irradiated  by  flux  leaving  A^  due  to  perfect  specular 
reflection  at  the  sample 

= Area  analogous  to  A^  in  connection  with  A^ 

= Area  analogous  to  A4  in  connection  with  kr) 
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Fluxes : 


$ = Flux  [Watt] 

$q  = Flux  initially  entering  the  sphere 

$»  — Flux  reflected  by  the  sample  regardless  of  direction 

= Sum  of  flux  incident  on  the  field  of  view  of  the  detector 
after  $q  has  undergone  infinite  many  reflections 

$ = Flux  incident  on  A after  has  undergone  n reflections  at 

V>n  the  sphere  wall  v 0 

= Flux  contained  in  the  sphere  after  $q  has  undergone  n wall 
reflections 


Reflectances : 

p = Directional,  hemispherical  reflectance  of  the  sample  correctly 

expressed  as  p(l2°;  2ti)  , 

p^.  = Reflectance  of  the  sphere  wall 

pg^  = Reflectance  of  the  shield 

p = Average  sphere  vail  reflectance  as  defined  on  page  16 

p ff  = Effective  reflectance  of  the  sphere  wall  as  defined  on  page  29 
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